We report that fast (mainly coherent electric field oscillations appear spontaneously during brain activation, as expressed by electroencephalogram (EEG) rhythlms, and they outlast the stimulation of mesopontine cholinergic nuclei in acutely prepared cats. The fast oscillations also appear during the sleep-like EEG patterns of ketamine/xylazine anesthesia, but they are selectively suppressed during the prolonged phase of the slow (< 1-Hz) sleep oscillation that is associated with hyperpolarization of cortical neurons. The fast (30-to 40-Hz) rhythms are synchronized intracortically within vertical columns, among closely located cortical foci, and through reciprocal corticothalamic networks. The fast oscillations do not reverse throughout the depth of the cortex. This aspect stands in contrast with the conventional depth profile of evoked potentials and slow sleep oscillations that display opposite polarity at the surface and midlayers. Current-source-density analyses reveal that the fast oscillations are associated with alternating microsinks and microsources across the cortex, while the evoked potentials and the slow oscillation display a massive current sink in midlayers, confined by two sources in superficial and deep layers. Fast cortical rhythms, within a broad frequency range from 20 to 80 Hz, are elicited by sensory stimuli or appear under a variety of behavioral conditions reflecting an increased alertness, such as focused attention, tasks requiring complex sensorimotor integration, and conditioned reflexes (reviewed in ref. 1). Fast rhythms also occur spontaneously, as part of the background electrical activity of the brain, during both brainactive behavioral states of waking and rapid-eye-movement (REM) sleep in humans (2-4) and animals (5). These oscillations outlast the period of stimulation of brainstem ascending circuits that produce generalized activating effects on thalamocortical systems (6, 7). The mechanisms underlying the fast oscillations include the intrinsic properties of cortical (8) and thalamic (6, 9) neurons, together with synaptic couplings within intracortical and corticothalamic networks (5, 10).
fast oscillations are associated with alternating microsinks and microsources across the cortex, while the evoked potentials and the slow oscillation display a massive current sink in midlayers, confined by two sources in superficial and deep layers. The synchronization of fast rhythms and their high amplitudes indicate that the term "EEG desynchronization," used to designate brain-aroused states, is incorrect and should be replaced with the Fast cortical rhythms, within a broad frequency range from 20 to 80 Hz, are elicited by sensory stimuli or appear under a variety of behavioral conditions reflecting an increased alertness, such as focused attention, tasks requiring complex sensorimotor integration, and conditioned reflexes (reviewed in ref. 1) . Fast rhythms also occur spontaneously, as part of the background electrical activity of the brain, during both brainactive behavioral states of waking and rapid-eye-movement (REM) sleep in humans (2-4) and animals (5) . These oscillations outlast the period of stimulation of brainstem ascending circuits that produce generalized activating effects on thalamocortical systems (6, 7) . The mechanisms underlying the fast oscillations include the intrinsic properties of cortical (8) and thalamic (6, 9) neurons, together with synaptic couplings within intracortical and corticothalamic networks (5, 10) .
In this paper, we focus on the intracortical and corticothalamic synchronization of fast oscillations evoked by stimulation of pedunculopontine tegmental (PPT) cholinergic nucleus or appearing spontaneously during activated epochs of the electroencephalogram (EEG). Our analyses demonstrate that the fast oscillation is distributed without phase reversal throughout the cortical depth, in contrast with the more conventional depth profile of the slow sleep oscillation or the early potential evoked by PPT stimulation.
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METHODS
Experiments were conducted on adult cats anesthetized with ketamine and xylazine (10-15 mg/kg and 2-3 mg/kg, respectively, i.m.). The animals were paralyzed with Flaxedil and artificially ventilated. End-tidal CO2 was maintained at 3.5-3.8% and body temperature at 37-39°C, heartbeat was monitored, and the EEG was continuously recorded to maintain a constant sleep-like pattern by administering additional doses of the anesthetic at the slightest signs of diminished amplitudes and/or increased frequencies of EEG rhythms.
Field potential recordings were performed from the suprasylvian gyrus (areas 5 and 7) by means of (a) coaxial macroelectrodes, with the ring placed on the cortical surface and the tip inserted at a depth of 0.8-1 mm, and (b) circular arrays of 6-8 electrodes separated by 0.25 mm, at successive depths. The electrodes were inserted perpendicularly to the surface and produced monopolar recordings versus a reference placed on neck muscle. Besides, field potentials from area 5 and the thalamic intralaminar centrolateral (CL) nucleus were simultaneously recorded. Intracellular recordings were performed in areas 5 and 7 with glass micropipettes filled with 3 M potassium acetate (impedance, 25-35 Mfl). A high-impedance dual amplifier with active bridge circuitry was used to record and inject current into neurons. The signals were recorded on an eight-channel tape with a bandpass of 0-9 kHz, digitized at 20 kHz for off-line computer analysis.
The PPT nucleus was stimulated through bipolar electrodes by using long pulse trains at 300 Hz or two to five short delayed (3-ms) pulses (see Figs. 1 and 2 ). The duration and intensity of stimuli were 0.1-0.2 ms and 0.05-0.8 mA. Scopolamine was administered (0.5-1 mg/kg, i.v.) to block the PPT-elicited prolonged depolarization of cortical neurons. Animals were perfused with 10% formaldehyde under deep pentobarbital anesthesia and the location of PPT stimulating electrodes was examined in frozen sections (80 ,um) stained with cresyl violet or thionine.
We used auto-and cross-correlations (11) . Three-dimensional surfaces and topograms (contour maps) were constructed from sequential cross-correlations (see Fig. 4 ; also see ref. 12 ). Current-source-density (CSD) analyses were also performed on either evoked or spontaneous activities. The current flowing into or out of the membrane is proportional to the second spatial derivative of the potential (13 the distance between two electrodes), and niz represents the differentiation grid (in our case, n = 1). Topograms were generated by uniting with a line all points with the same height and by shading correspondingly the inner part of the closed curve (see Fig. 1 To analyze the depth profile of fast cortical oscillations, PPT was stimulated with short pulse trains to elicit an early potential resembling the ponto-geniculo-occipital (PGO) waves of REM sleep (16), followed by fast oscillations (n = 8). Thus, the depth profiles of the two events (early evoked potential and subsequent fast rhythms) could be compared. The PPT-evoked early potential was biphasic, initially surfacepositive, and reversed its polarity between 0.25 and 0.4 mm (Fig. 1A) , as is also the case for spontaneously occurring PGO waves during natural REM sleep in cats (unpublished data). Distinctly, the subsequent fast oscillations, lasting for 600-800 ms, were in phase from the surface to the deepest cortical layers (Fig. IA) . CSD topograms for the unfiltered activity evoked by the PPT pulse train showed a three-laminar distribution of currents, with an initial massive sink at depths corresponding to layers 2-4, indicative for the PPTthalamocortical input, mainly reaching midlayers (Fig. 1BJ) . Indeed, mesopontine cholinergic nuclei have negligible, if any, direct cortical projections and they reach the suprasylvian areas 5 and 7 through intermediate relays in thalamic association nuclei, the pulvinar-lateroposterior complex (17) . On the other hand, the in-phase fast rhythms, analyzed in filtered activity (between 15 and 80 Hz), displayed a pattern of sinks and sources that alternated at the frequency of about 35 Hz ( Fig. 1 B2 and B3) .
The (Fig. 2) . Systemic administration of the muscarinic blocker scopolamine abolished the sustained depolarization while leaving intact the early EPSP (Fig. 2) .
CSD analyses are generally used for evoked potentials (14), whereas they have only very recently been applied to hippocampal spontaneous activities (18) . We averaged the stereotyped waves building up the spontaneous slow oscillation (<1 Hz) of neocortex. This slow rhythm consists of a longlasting depth positivity associated with hyperpolarization of neurons, followed by a sharp negative field deflection associated with depolarization of cortical neurons, eventually leading to spindles and/or fast rhythms (19) . Since the spiky depth-negative field potential reflects a massive and synchro- 50 ms nous excitatory event, its peak was chosen as time 0 for the selection of sweeps that were extracted as symmetrical windows (+1 s) around time 0. The same time stamps were also used when the digitally filtered data (usually 15-80 Hz) were averaged (Fig. 3) . The major components of the slow oscillation were of opposite polarities at the surface and depth, being reversed between 0.25 and 0.5 mm (Fig. 3A1) . The corresponding CSD displayed a current sink in midlayers, confined by two sources and a less restricted sink in the deepest layer (Fig. 3A2) . By contrast, the spontaneously occurring fast activities (35 Hz) were in phase from the surface down to 1.5-1.75 mm and were selectively suppressed during the long-lasting depth positivity of the slow oscillation (Fig. 3B1) . The CSD from fast filtered activity showed alternating microsinks and microsources, repeated at the frequency (35 Hz) of the fast oscillation.
To determine whether the intracortical synchronization of the spontaneous fast oscillation (intracolumnar as well as extending horizontally to adjacent cortical foci; see ref. 5 Clear-cut evidence for corticothalamic synchronization of fast activities was found in those instances in which the sites of recordings were identified to be reciprocally connected by using monosynaptic corticothalamic and thalamocortical responses (n = 8). Fig. 4 illustrates such an experiment, showing that fast spontaneous activities recorded from area 5 and CL nucleus were synchronized during sleep-like periods and that during the activated epochs elicited by PPT stimulation the corticothalamic coherency increased, with four symmetrical secondary peaks at about 40 ms (see the topogram derived from sequential cross-correlations).
DISCUSSION
Two unexpected data are reported in the present paper. The first is that, in an overwhelming majority of tracks, fast oscillations were found to be in phase throughout the cortical depth. This might suggest volume conduction. However, the presence of action potentials over the negative component of fast field potentials recorded from superficial to deepest SLEEP (). , ()4 -0).5: :
Neurobiology: Steriade and Amzica 2538 Neurobiology: Steriade and Amzica cortical layers indicates that the fields are locally generated (5) . In addition, a dramatic reduction of fast activity was observed in the underlying white matter, and short time lags were detected between surface and depth activities (5) . The CSD analyses showed alternatively distributed microsinks and microsources in both PPT-elicited and spontaneously occurring fast oscillations (Figs. 1 and 3) . The smaller currents along the vertically organized dendritic core conductors, compared with transmembrane ones, could account for the absence of potential reversal of fast oscillations across the cortical depth. The limitation of the present study is that we used only six to eight recorded foci, separated by 0.25 mm. Therefore, the number of sinks and sources observed in Fig. 1 B2 and B3 and Fig. 3 B2 and B3 may be higher with more and closer foci. What we basically demonstrate here is the difference between the depth reversal of the PPT-evoked potential or slow oscillation (with a massive current sink in midlayers, confined by two sources in superficial and deep layers) and the absence of reversal of the fast oscillation that is associated with multiple sinks and sources throughout the depth of the cortex.
The other surprising result is the presence of fast oscillations during sleep-like activity patterns. This challenges the conventional view that high-frequency EEG waves are present only during brain-activated states. However, distinctly from tonically activated patterns mimicking brain arousal, when fast oscillations appear in a sustained manner, during the slow sleep oscillation fast rhythms are-selectively suppressed throughout the long-lasting depth-positive wave (Fig. 3) which reflects prolonged hyperpolarization of neocortical neurons (19) . Thus, besides their dependence on synaptic inputs within intracortical and thalamocortical networks, fast rhythms are favored by the depolarization of cortical cells and do not occur during hyperpolarization. This voltage dependency of fast oscillations was demonstrated in local-circuit, sparsely spinous neurons (8) and in long-axoned, corticocortical and corticothalamic neurons (5, 21) . Similarly, the depolarization dependency of fast oscillations was reported in a variety of thalamocortical neurons (6, 9) . It is known that PPT stimulation, which effectively triggered fast oscillations in the present experiments, depolarizes and increases the apparent input resistance of thalamocortical cells (22) , a cholinergic effect mediated by muscarinic receptors (refs. 22 and 23; also see Fig. 2 ). The PPT activating cholinergic effect is transmitted to cortical neurons through a bisynaptic, cholinergic-glutamatergic PPT-thalamocortical pathway, as fast oscillations triggered by mesopontine cholinergic stimulation survive total lesions of the basal forebrain (6) .
We have also demonstrated that the intracortical coherency of fast oscillations is coupled with synchronized fast rhythms in corticothalamic circuits. As the synchronized oscillations were revealed in reciprocal intralaminar-cortical projections (Fig. 4) , these data support the hypothesis (3, 10) that thalamic intralaminar nuclei, with widespread cortical connections (20) and possessing a special type of neurons discharging highfrequency rhythmic spike bursts at about 40 Hz during waking and REM sleep (9) , mediate the diffuseness of fast oscillations. Recent data in this laboratory revealed that in other systems too, including the visual and somatosensory systems, fast oscillations are robustly synchronized within corticothalamic circuits during brain-activated states as well as during the depolarizing phase of the slow sleep oscillation (24) .
